A B S T R A C T Several aspects of the myocardial 02 supply/consumption relationship were determined after coronary artery occlusion and subsequent /l-adrenergic blockade in 16 anesthetized open-chest dogs. Small artery and vein 02 saturations, and hence extraction, were obtained microspectrophotometrically and combined with radioactive microsphere blood flow determinations to calculate regional myocardial 02 consumption. Eight dogs remained untreated after coronary artery ligation while another group was given 2 mg/kg propranolol, 10 min after occlusion. Untreated occlusion resulted in decreased arterial and especially venous 02 saturations, indicating an increased 02 extraction. Ischemic 02 consumption was reduced and the subendocardial/subepicardial consumption ratio was reversed (1.26 vs. 0.37) due to the pattern of occluded area flow. Calculated 02 supply/ consumption also decreased. Propranolol produced no significant changes in volume or distribution of flow within the ischemic region while reducing flow, extraction, and consumption in the unoccluded region. The heterogeneity of arterial and particularly venous 02 saturations within the ischemic region decreased dramatically. Venous 02 saturations were elevated relative to the control group resulting in a reduced 02 extraction. The decrease in heterogeneity of arterial and venous 02 saturations suggest that propranolol eliminates microregions of relatively high 02 extraction, consumption, and/or a majority of vessels with extremely low flow. This leads to a significant improvement in the 02 supply/consumption ratio in the ischemic myocardium of the dog. This may be due to a reduction in the heterogeneity and level of nj-adrenergic receptor activity within the heart.
INTRODUCTION
Coronary artery ligation results in extensive changes in pump function, blood flow, metabolism, and oxygen supply/demand balance in the affected region of the myocardium. Decreased systolic fiber shortening (1), increased anaerobic metabolites (2, 3) , microvascular damage (4, 5) , and decreased blood flow, especially in the subendocardium (6) , are all characteristics of the ischemic or infarcted region. Decreased mitochondrial respiration (7) , tissue Po2 (8) , and increased 02 extraction as well as decreased 02 consumption (9, 10) indicate alterations in 02 availability and demand. Recent work has shown substantial variability of small artery and vein saturations as well as heterogeneous regions of 02 extraction and consumption within the center of an ischemic zone caused by coronary artery ligation (11) .
It has been demonstrated that propranolol causes a reduction in the extent of myocardial necrosis caused by short-term coronary artery ligation (12) . Improvements in regional fiber shortening (13) , high energy phosphate stores (14) , and cellular damage (15) also occur within the ischemic tissue. The drug appears to decrease nonischemic perfusion (16) while producing variable effects on the volume and distribution of ischemic blood flow (17) (18) (19) (20) . The mechanism of the drug's protective effect, however, has not been fully elucidated.
This study was designed to determine the effect of propranolol on regional 02 supply and consumption in control and ischemic areas of the left ventricle. Microspectrophotometric observations of small regional arteries and veins in quick-frozen hearts were made to determine regional 02 extraction and were combined with regional measurements of blood flow with radioactive microspheres to determine regional myocardial 02 consumption and the 02 supply/consumption ratio (21) (22) (23) (24) .
METHODS
Experiments were performed on 16 adult mongrel dogs between 14 and 27 kg in weight that were anesthetized with sodium pentobarbital (30 mg/kg, iv). The trachea was intubated, and artificial ventilation was instituted with a Harvard respiratory pump (Harvard Apparatus Co., Inc., S. Natick, MA). Ventilation was adjusted to maintain end-tidal CO2 constant into the left atrial catheter and flushed with 3 ml of saline. The withdrawal of blood continued for a total of 2 min. The heart of the untreated dog was fibrillated, rapidly excised below the atrioventricular ring, and frozen in liquid nitrogen-cooled liquid propane within 10-15 s. The hearts were subsequently stored at -70°C for future analysis.
The second group of eight dogs was handled identically to that of the untreated group except that 10 min after LAD occlusion they were given a bolus injection of propranolol HCL (2 mg/kg). All other procedures performed after 2 h of occlusion were identical to those previously mentioned.
Immediately adjacent duplicate transmural samples of the left ventricular free wall were cut from the center of the area clearly discolored by ischemia and also from an area unaffected by ligation of the blood vessel. Samples were prepared for analysis of regional microsphere distribution and for microspectrophotometric analysis as described (24) . Briefly, 30 um-thick frozen tissue sections were cut on a cold rotary microtome in a -25°C cold box in an N2 atmosphere. Each section was then transferred to a precooled slide, covered with degassed silicone oil, and rapidly transferred to the microspectrophotometer cold stage flushed with N2 gas. ' Differences between proportions of 02 saturation distributions below a given saturation were determined by chisquare analysis (26) . A value of P < 0.05 was considered significant.
RESULTS
The hemodynamic data are presented in Table I . Although initial transient depressions in aortic pressure and dP/dt frequently occurred after coronary occlusion, in every preparation there was a return to control levels before 10 min of occlusion. The untreated group showed no significant differences in any of the measured parameters after 2 h of LAD occlusion. A decrease in heart rate was found in the propranolol group. Heart rate and ventricular systolic pressure in this group were significantly reduced relative to the untreated group after occlusion. Left ventricular dP/ dt was significantly greater in the propranolol-treated group during the control period than the untreated group. Mean dP/dt after occlusion and propranolol was lower (P = 0.06) than during the control period.
Aortic and coronary sinus blood gas and pH values were unaffected by LAD occlusion in the untreated group (Table II) . The same was true for the group administered propranolol. Coronary sinus Pco2 was lower in the propranolol group than the untreated group under control conditions.
Regional 02 Supply/Consumption after Coronary Occlusion and Propranolol Hemodynamic data: Values are before and 2 h after coronary occlusion in the presence (n = 8) and absence (n = 8) of propranolol 10 min after LAD ligation.
Regional arterial and venous 02 saturations and 02 extraction. 2 h of LAD occlusion brought about a significant decrease in arterial 02 saturation within the Fig. 1 . Because there were no significant subepicardial-subendocardial differences, data from both were pooled. Note that the untreated arterial 02 saturations in the occluded region show substantial variability with 38% of the vessels having 02 saturations <80%. Propranolol significantly reduced the proportion of arteries with low 02 saturation such that only 11% of them had saturations <80% (P < 0.001).
Venous saturations were similarly affected by occlusion in the untreated group. Mean unoccluded venous 02 saturation was 37.6% (18.7% total SD, 5.7% between animal SD) while the occluded value was 25.2% (18.5% total SD, 4.1% between animal SD). This difference was significant. No significant transmural differences were found. Both subepicardial and subendocardial venous 02 saturations in the unoccluded and the occluded regions were higher in the group treated with propranolol. The occluded venous saturations were significantly lower than those of the unoccluded region, 44.0% (6.2% total SD, 2.7% between animal SD) vs. 50.0% (7.5% total SD, 3 Fig. 2 . Note that occlusion brought about a predominance of veins with lower 02 saturations transmurally in the untreated group, while propranolol strikingly eliminated the majority of these vessels, leading to a significantly smaller proportion having saturations below both 30 and 40% (P < 0.001).
02 extraction averaged 11.2±2.5 ml 02/100 ml blood in the unoccluded region of the untreated group while extraction was significantly higher in the ischemic region at 13.8±2.8 ml 02/100 ml of blood (Fig.  3) . Propranolol reduced 02 extraction in both regions transmurally. 02 extraction remained elevated in the occluded region relative to the unoccluded region (7.8±1.5 vs. 6.9±1.9 ml 02/ml blood) with propranolol, yet the difference in 02 extraction with occlusion was significantly less after propranolol treatment. Also, overall subendocardial 02 extraction was significantly greater than subepicardial 02 extraction (7.7 vs. 7.0 ml 02/100 ml blood) in this group.
Myocardial blood flow. Mean transmural blood flow (Fig. 4) in the untreated group was significantly lower in the center of the region made ischemic by LAD ligation (29.6±38.5 ml/min per 100 g) than the unoccluded region (103.1±68.2 ml/min per 100 g). Transmural differences in flow were not significant in either region. There was, however, a decrease in the subendocardial-to-subepicardial flow ratio from 1 by white bars, whereas the occlusion plus propranolol group is represented by black bars. The regional format is the same as in Fig. 3 .
group than the untreated group. This was due to a lower unoccluded propranolol M'VO2 relative to the untreated group (4.9 vs. 11.9 ml 02/min per 100 g) and no significant differences between groups in the occluded regions. 02 Supply/consumption ratio. The calculated 02 supply-to-consumption ratio was significantly reduced by occlusion in the untreated group (Fig. 6) . Propranolol increased this parameter significantly in the unoccluded region of the left ventricle. The reduction Of 02 supply relative to consumption caused by occlusion under control conditions was also evident after propranolol treatment. Within the center of the ischemic zone, however, transmural supply-to-consumption was significantly improved in the propranolol group relative to the untreated group (1.99±0.14 vs. 1.45±0.11).
DISCUSSION
The accuracy and limitations of the method used to determine regional 02 consumption has been described in detail previously (22) (23) (24) . Briefly, the accuracy of our determination of 02 consumption depends on the accuracy of the determination of arterial and venous 02 content and blood flow as well as the limitations of the Fick principle itself. The accuracy of microspectrophotometric determination of arterial and venous 02 saturation is ±3%. We have reported that we can freeze the heart quickly enough that no changes in 02 saturation occur. We have recently measured 02 saturations of arteries and veins within 1 mm of the subepicardial surface over time to determine the course of saturation changes in hearts stored at -70°C. Venous saturations were stable for 2 wk and arterial saturations for 4 wk. All hearts in our study were analyzed within 1 wk. The limitations of the radioactive microsphere method are well known. The accuracy of our determination of regional consumption is better than ±9% compared with standard techniques.
Although coronary artery occlusion causes alterations in regional contractility (1), metabolism (2, 3), and the microvasculature (4, 5), these changes are in part dependent upon the extent to which the balance between 02 supply and demand has been impaired. Occlusion decreases blood flow to the myocardium supplied by the artery in question and results in a disproportionate diminution of flow to the deeper subendocardium (17, 18) .
Propranolol has been shown to reduce the extent of myocardial necrosis following coronary artery occlusion (12, 27 ), yet the mechanism of its beneficial effects remains unclear. The blood flow response to propran- Regional 02 supply/consumption ratio. Regional 02 supply/consumption ratio or SaO2/(SaO2-SvO2) for the untreated occlusion group are found in the white bars, whereas the black bars represent this relationship in the propranolol group. The regional designations found in Fig. 3 are used here.
Regional 02 Supply/Consumption after Coronary Occlusion and Propranolol t325 olol in the ischemic region has not been consistent in previous studies. Kloner et al. (28) found ischemic flow to decrease with propranolol and Melby and Bache (20) found no change in absolute flow or transmural distribution in the anesthetized dog. Vatner et al. (18) showed that ischemic flow increased significantly with propranolol in the conscious dog. Still others found substantial changes in the transmural distribution of blood flow, favoring the subendocardium (17, 29) . Although the negative inotropic effect of propranolol has been emphasized (29) Coronary occlusion brought about no significant changes in the measured hemodynamic or blood gas and pH parameters measured, in agreement with previous studies (11, 19) . Occlusion plus propranolol treatment caused heart rate, dP/dt, and left ventricular systolic pressure to decrease due to blockade of f3l-adrenergic receptors. Neither aortic peak systolic nor end diastolic pressures were significantly affected by occlusion plus the drug.
Coronary artery ligation was accompanied by a significant decrease in blood flow to the region of the left ventricle supplied by the LAD. The decrease in subendocardial/subepicardial flow ratio in the ischemic area was expected from other studies (11, 17, 18, 20) . Propranolol, in our preparation, neither significantly altered the magnitude of flow nor the subendocardial/ subepicardial ratio of ischemic blood flow relative to the untreated group.
The distribution of arterial saturations within the center of the untreated unoccluded region showed only 2% of the vessels with saturations <80%. Occlusion increased this proportion of vessels to 38%. Similar values have been found (11 The ,13-adrenergic blocking effect of propranolol clearly causes a decreased chronotropic and inotropic effect and a resultant decrease in MVO2 in the unoccluded region of the heart. These effects have been suggested to promote a transmural redistribution of blood flow within the ischemic zone that is a primary determinant of the beneficial effect of the drug (29, 32) . It is unlikely that this tells the entire story because Berdeaux et al. (33) and Warltier et al. (27) have used pharmacological agents lacking ,B-adrenergic blocking activity that do decrease the chronotropic and inotropic state of the heart without causing a redistribution of ischemic flow or decreasing eventual infarct size in these respective studies. Further, there are studies including the present one in which propranolol does not redistribute flow within the ischemic zone.
It might be argued that redistribution of arterial flow after propranolol promotes a more uniform capillary and venous flow, thereby causing venous 02 saturations to be more homogeneous. This explanation is unlikely for a number of reasons. First, the variability of arterial 02 saturations in unoccluded and occluded regions after propranolol are similar to control conditions (23 We hypothesize that there is a microregional difference in distribution and/or activity of 131-adrenergic receptors. There is evidence that myocardial f,-adrenergic receptor binding differs regionally (34) , although this has not been studied on a microregional basis. Areas of higher number or activity would have higher 02 consumptions and this may explain the heterogeneity of myocardial venous 02 saturations in normal heart (23) . It has been suggested that coronary artery occlusion promotes increased circulating (35) and local myocardial (36) catecholamines. This could explain the marked heterogeneity of arterial and venous 02 saturation seen in an ischemic zone (11) . The effect of propranolol in myocardial ischemia would be to reduce the tone and hence 02 consumption of these microregions of high fl-adrenergic activity. Mueller and Ayres (37) have also postulated a decreased sympathetic nerve activity with propranolol administration in myocardial infarction. This effect of propranolol could redistribute blood flow and reduce differences in arterial and venous 02 saturations in ischemia through this homogenization of microregional 02 consumption. This could explain the improvement in ST segment elevation in the face of an overall decrease in ischemic flow with propranolol (38) . While nonspecific effects of propranolol such as reduction of microvascular damage and blood stasis (15) cannot be ruled out in explaining some of the improvement in 02 saturations in the ischemic region, it is doubtful that they can be applied to similar results seen in the normal myocardium. A reduction in the heterogeneity of ,IB-adrenergic activity with propranolol would also explain the improvement in the 02 SUpply to consumption ratio throughout the normal and ischemic regions of the heart.
